Abstract. Finite element analysis software is used in this paper to analyze the strength of frame of high-performance low-speed diesel engine. Firstly, the former structure, single-butterfly plate, was changed into a new one, double-butterfly plate. Then, the finite element models were built, and the stress and deformation charts of these two structures under the maximum side thrust were calculated. As a result, we can see the strength and rigidity of the entire frame and guide is enough. And the ability of anti-deformation of double-butterfly plate is better than that of single-butterfly plate.
Introduction
The structure of engine block subassembly is complex. It is the main support of two-stroke diesel engines, and it is mostly used to support and fix all the parts in diesel [1] . The force situation of the engine block is complex because not only are the bolt pretightening force and interference force applied on it, but also other pressure such as gas pressure, reciprocating inertia force and lateral force on the piston, are also influencing the engine when it is working [2, 3] . As for frames, except for assembly force, pressure of crosshead is also applied on it, and this is the main force on the frame. In this paper, finite element analysis was performed in different kinds of frames to calculate lateral force's effect on the strength and rigidity of frame under different crank angle.
Finite element model and boundary conditions
In the first place, we need to compare these two different frame structures. In the former frame structure, single-butterfly plate is used for supportive, and through bolts are set on the both sides of the butterfly plate in order to connect the cylinder block, frame and engine base. The 3D model is shown in figure 1 . Butterfly plate is the main support plate of the frame, and many holes were drilled on it, which can have an influence on its ability to bear the weight. What is more, high coaxiality of the bearing block holes on the frame and engine base is required [4, 5, 6] . After taking into account all the abovementioned factors, a new frame structure was designed.
Figure 2. Improved frame structure
Single-butterfly plate was replaced by double-butterfly plate in the improved frame structure. The length of through bolts were halved because of space limit, and diameters of the bolts are increased. The improved frame structure is shown in figure 2 .
The chart of crosshead's lateral force could be obtained after dynamic calculation, and it is the force boundary condition needed in the analysis [7, 8] . The lateral force is shown in figure 3 . At this moment, the distribution is similar. However, there are also some differences. Firstly, the area of deformation in the single-butterfly plate structure is larger. Secondly, the maximum deformation in the latter structure is larger for about 0.18mm.
Distribution of stress of these two structures are shown in figure 5.
Figure 5. Comparison of stress distribution of different frame structures
As shown in the figures, stress concentration appears at the same region in two structures, but the area of the region and the stress value are different. The area and value of the former structure are both larger, while the maximum stress is 48MPa larger than the latter one. This indicates double-butterfly plate can enhance the frame's strength to a certain extent.
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72°CA after BDC
Distribution of deformation of these two structures at 72°CA after BDC are shown in figure 6.
Figure 6. Comparison of deformation distribution of different frame structures
The deformation distribution is similar and the maximum deformation appears on the outermost side of the plate. The area of deformation in the single-butterfly plate structure is larger than double-butterfly plate structure. This is because the bearing capacity of the latter structure is enhanced due to the usage of double-butterfly plate. The maximum deformation in the latter structure is larger than the former one for about 0.034mm. Stress concentration appears on the pressure side, but the area of the region and the stress value are different. In addition, the area of stress in the latter structure is smaller, this is because the double-butterfly plate is beneficial to enhancing the bearing capacity.
By analyzing the results at two different moments, maximum positive and negative lateral force, a conclusion can be drawn that the strength and rigidness of the frame is satisfying. Attention should be paid to the areas where stress concentration appears, because fatigue damage is likely to appear on these areas.
Effect rule of bearing force to the strength of frame diaphragm plate
The frame analyzed in this paper have holes on the butterfly plate to install bearing seats. Compared to the tradition frames, it has to bear the periodical pressure of the balancing equipment during working, so it is necessary to perform finite element analysis in this kind of frame diaphragm plate.
The structure of the frame is simplified. The simplified model is shown in figure 8 .
Figure 8. Simplified frame model
The curve charts of bearing force are shown in figure 9 and 10. Four moments were chosen to perform the analysis, and pressure was applied on the 120° area plain bearing bore. figure 11 , the maximum deformation of the middle diaphragm plate appears on the top of the frame, which is 0.314mm, while the maximum deformation of the side plate is also 0.314mm, which appears in the middle. Deformation around two smaller bearing block holes are different, and the side diaphragm plate one is larger than that on the middle diaphragm plate.
As shown in figure 12 , the stress on the frame concentrates on the middle diaphragm plate, while little stress distributes on side plates, which mainly concentrates around the bearing holes. This is because the middle diaphragm plate bears pretightening forces of the bolts and gas pressure, while the side plates mainly bears the bearing force.
The moment when the piston is at 90° after the TDC
At this moment, balance weight is at the horizontal position. The distribution of deformation and stress of the frame is shown in figure 13 and 14. The maximum deformation appears unsymmetrically on the edge, which is 0.194mm. The region of deformation concentrates on two small bearing holes, which is 0.124mm. The deformation around the bearing holes of the middle diaphragm plate is larger than that around the side plate.
Figure 14. Stress distribution of the frame
As shown in figure 14, stress on the frame at this moment is not large, the largest stress appears on the diaphragm plate, which is less than 60MPa, is much smaller than the allowable stress of the material. On the side plate, stress concentrates on the pressure side, while stress of other regions is nearly 0.
The moment when the piston is at the BDC
At this moment, balance weight is at the top position. The distribution of deformation and stress of the frame is shown in figure 15 and 16. The maximum deformation areas are close to the two smaller bearing block holes, and the maximum deformation is 0.327mm. A conclusion can be drawn that double-butterfly plate structure can prevent the frame from distortion effectively. As shown in figure 16 , at this moment, stress on the frame is nearly 0, which is mainly because gas pressure counteracts some part of bearing loads.
The moment when the piston is at 90° after the TDC
At this moment, balance weight is at the other horizontal position. The distribution of deformation and stress of the frame is shown in figure 17 and 18. The maximum deformation area is the edge of crosshead slide guide, and the value is 0.221mm. Deformation of frame diaphragm is unsymmetrical. However, the distribution of deformation of side diaphragm plate is almost symmetrical, this is because forces on two bearing holes are equal in value and opposite in direction. The maximum deformation in side diaphragm plate is 0.141mm.
Figure 18. Stress distribution of the frame
The range of stress distribution on the middle diaphragm plate is wide because it is the main bearing block. Stress is distributed obviously around the crosshead slide and the bearing holes, but their values are not very large (less than 30MPa). Stress on the side plate is small in general.
Conclusions
By comparing the chart of distribution of stress and deformation of two different structures, some advantages of the improved structure can be found: Firstly, double-butterfly plate can to some extent improve the carrying capacity of the frame; secondly, it is beneficial to assemble and test the balancing system, and reduce the difficulty in processing bearing house holes on the frame. But as to the crosshead slide guide, the triangle supporting structure of single-butterfly plate can reduce deformation to an extreme extent.
By analyzing four different moments, it is found that when the piston is at the TDC and BDC, deformation of side plate is the largest, and the maximum value is 0.33mm, while at other moments frame's deformation is small, which is under 0.15mm. This indicates that frame has a good ability to resist deformation. By comparing the side plate and the middle diaphragm plate, it can be known that double-butterfly plate can improve the ability to resist deformation.
